In spite of extensive studies, the structure-activity relationships in the action of polyphenols against the malaria parasite Plasmodium falciparum are poorly understood so far. As the mammalian cell cytotoxicity of polyphenols shows a negative dependence on the potential of the phenoxyl radical/phenol redox couple (E 2 7 ), due to the involvement of prooxidant events, and a positive dependence on the octanol/water distribution coefficient at pH 7.0 (log D), we examined the role of these parameters in their antiplasmodial in vitro activity. We found that the concentrations of hydroxybenzenes causing 50% inhibition of the growth of P. falciparum strain FcB1 (IC 50 ) are described by the regression log IC 50 (μm) = 0.36 + 1.81 E , where CL 50 is the compound concentration for 50% cell survival] than on their antiplasmodial activity. Although it is unclear whether the prooxidant action is the main factor in the antiplasmodial action of polyphenols or not, our data showed that the ease of their oxidation (decrease in E 2 7 ) may enhance their activity. On the other hand, the different sensitivity of the mammalian cell cytotoxicity and the antiplasmodial activity of the hydroxybenzenes to their E 2 7 values implied that compounds with high oxidation potential may be used as relatively efficient antiplasmodial agents with low mammalian cell cytotoxicity.
Introduction
Polyphenolic compounds (flavonoids, gallates, curcumin, other polyhydroxybenzenes) possess moderate activity against the malaria parasite Plasmodium falciparum, acting at micromolar or higher concentrations (Köhler et al., 2002; Pradines et al., 2002; Sannella et al., 2007, and references therein) . However, they are supposed to be Abbreviations: ROS, reactive oxygen species; E 2 7 , potential of phenoxyl radical/phenol redox couple at pH 7.0; log D, octanol/water distribution coefficient at pH 7.0; IC 50 , the compound concentration causing 50% parasite growth inhibition; CL 50 , the compound concentration for 50% survival of mammalian cells; DPPD, N,NЈ-diphenyl-p-phenylene diamine; COMT, catechol-o-methyltransferase.
0939Ð5075/2008/0500Ð0445 $ 06.00 " 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://www.znaturforsch.com · D responsible for the antiplasmodial activity of plant and herbal extracts used in the ethnomedicine, and also may be important diet components for disease prevention. The action of polyphenols in P. falciparum is attributed to several possible mechanisms: (i) the chelation of Fe ions (Pradines et al., 2002 , and references therein); (ii) the inhibition of the enzymes of type-II fatty acid biosynthesis pathway (Tasdemir et al., 2006 , and references therein); (iii) the inhibition of dihydrofolate reductase (Sannella et al., 2007 , and references therein); and (iv) the formation of reactive oxygen species (ROS) during (auto)oxidation of polyphenols (Vennerstrom and Eaton, 1988; Cui et al., 2007) . However, in spite of extensive studies, the structure-activity relationships in the antiplasmodial action of polyphenols remain unclear. According to our data (Nemeikaitė -Č ė nienė et al., 2005a, and references therein), the cytotoxicity of polyhydroxybenzenes in mammalian cells may increase with a decrease in the potential of the phenoxyl radical/phenol redox couple (E 2 7 , available from pulse-radiolysis data). This shows that the cytotoxicity is mainly determined by the prooxidant action of polyphenols, i. e., it increases with an ease of their (auto)oxidation, which is accompanied by the formation of ROS and the depletion of cellular ÐSH groups by the quinone/ quinomethide-type oxidation products (Metodiewa et al., 1999; Boersma et al., 2000; Galati et al., 2001; Nemeikaitė -Č ė nienė et al., 2005b) . The toxicity also increases with an increase in the lipophilicity of polyphenols, i. e., in the octanol/water distribution coefficient at pH 7.0 (log D).
These findings, taken together with the possible involvement of prooxidant events in the antiplasmodial action of polyphenols, prompted us to examine the possible relationship between E 2 7 of polyphenols and their antiplasmodial activity.
In this work, we examined the antiplasmodial in vitro activity of a number of structurally diverse polyphenolic antioxidants and model phenols ( 
Materials and Methods
The chloroquine-resistant Plasmodium falciparum strain FcB1 from Colombia was kindly provided by Dr. H. D. Heidrich (Max-Planck Institut für Biochemie, Martinsried bei München, Germany) and is deposited in the Protist Collection of Museum National d'Histoire Naturelle, Paris, France. P. falciparum FcB1 strain was maintained in continuous culture of human erythrocytes (Trager and Jensen, 1976; Grellier et al., 2001) . In vitro antiplasmodial activity was determined using a modification of the semiautomatic microdilution technique (Desjardins et al., 1979) . Stock solutions of test compounds in DMSO were serially diluted with culture medium and added to asynchronous parasite cultures (1% parasite-infected cells and 1% final hematocrit) for 24 h, at 37 ∞C, prior to the addition of 1.825 MBq of [ 3 H]hypoxanthine (0.37Ð1.11 TBq/mmol) for 24 h. The growth inhibition for each compound concentration was determined according to the radioactivity incorporation into the treated culture as compared with that in the control culture. The experiments were repeated in triplicate. The culture of murine hepatoma MH-22a cells was grown and maintained at 37 ∞C in DMEM medium, supplemented with 10% fetal bovine serum (Shvemberger and Alexandrova, 2000) . The viability of the cells after 24 h of growth on glass slides in the presence of polyphenols was examined by the Trypan blue exclusion test. The octanol/water distribution coefficients of the compounds at pH 7.0 (log D) were calculated using an ACD/ChemSketch (version 4.02, Advanced Chemistry Development, Toronto, Ontario, Canada), while statistical and multiparameter regression analysis was performed using Statistica (version 4.3, Statsoft Inc., 1993) .
Results and Discussion
The IC 50 values of polyphenols (their concentration causing 50% P. falciparum growth inhibition) and their concentrations for 50% survival of mammalian cells (CL 50 ) are given in Table I 
and (iii) the flavonoids comprised a separate series with lower cytotoxicity (Fig. 2) . Thus, the observed dependences may be a general feature of the mammalian cell cytotoxicity of polyphenols. The IC 50 values of polyphenols against P. falciparum varied from 4.5 μm to 56 μm (Table I ). The comparison of IC 50 values of gallic acid and its esters indicates that the antiplasmodial activity of polyphenols in general increases with an increase in their log D value. We did not investigate the antiplasmodial activity of the most lipophilic compound octylgallate, because it causes erythrocyte lysis even at low concentrations, Ն 10 μm. The antiplasmodial activity of the flavonoids investigated almost did not depend on their E 2 7 values. This finding is further substantiated by the similar IC 50 value of naringenin and other flavonoids (Table I) . Although its E 2 7 value is not available, naringenin seems to be less readily undergoing oxidation than other flavonoids, because its voltammetric (twoelectron) oxidation potential, 0.76 V, is much higher than that of kaempferol (0.39 V), morin (0.34 V), and quercetin (0.29 V) (Jorgensen and Skibsted, 1998) . For all the compounds examined, the correlation between log IC 50 and E 2 7 + log D was almost absent (r 2 = 0.384, data not shown). On the other hand, the separate treatment of hydroxybenzenes (compounds 1, 2, 6Ð12, 14, 15, Table I) resulted in a regression, which was analogous to (1) 
It was shown that the decrease in E 2 7 of hydroxybenzenes enhances their antiplasmodial activity. However, as desferroxamine and DPPD inhibited the P. falciparum FcB1 growth with IC 50 values of (16.0 ð 1.0) μm and (9.6 ð 0.9) μm, respectively, we were unable to test them in the protection experiments. Analogously to the data obtained in mammalian cells (Fig. 2) , the antiplasmodial activ- ity of flavonoids was lower than that of hydroxybenzenes (Fig. 3) .
The data obtained indicate that there exist some similarities between the antiplasmodial activity and mammalian cell cytotoxicity of polyphenols: (i) In both cases, a decrease in the E 2 7 values of hydroxybenzenes, i. e., increase in the ease of oxidation, increases their activity (Figs. 2, 3 ), that points to the possible prooxidant action mechanism. The prooxidant character of mammalian cell cytotoxicity of polyphenols has been demonstrated previously (Nemeikaitė -Č ė nienė et al., 2005a, b , and references therein), as well as in this work. The prooxidant character of antiplasmodial activity has been demonstrated for curcumin (Cui et al., 2007) , and has been proposed for quercetin (Vennerstrom and Eaton, 1988) . Although the pathways of polyphenol oxidation in P. falciparum are unclear, these compounds may be oxidized by oxyhemoglobin in erythrocytes with the concomitant formation of ROS (Stolze and Nohl, 1999; Miyazaki et al., 2004) . (ii) Lower than expected mammalian cell cytotoxicity of flavonoids (Fig. 2) has been attributed to the action of catechol-o-methyltransferase (COMT, EC 2. 1.1.6) (Nemeikaitė -Č ė nienė et al., 2005a, b) , which methylates flavonoids with an o-dihydroxylated B-ring much faster than catechols (Lautala et al., 2001) , thus contributing to their detoxification. One should note that o-dihydroxybenzenes or flavonoids with an o-dihydroxylated B-ring may be formed from the starting compounds (Fig. 1) in cytochrome P-450-catalyzed hydroxylation/oxidative demethylation reactions (Nielsen et al., 1998; Moridani et al., 2003) . In our opinion, lower than expected antiplasmodial activity of flavonoids (Fig. 3) may be explained analogously, because COMT is also present in erythrocytes (Masuda et al., 2002) , and cytochromes P-450 are also present in P. falciparum (Surolia et al., 1993) .
On the other hand, the activity of hydroxybenzenes in P. falciparum is less sensitive to the redox potential [Δlog IC 50 /ΔE (3)]. Interestingly, the latter coefficients are similar to the coefficients Δlog (rate constant)/ ΔE 2 7 = Ð8.5 to Ð7.4 V Ð1 in the single-electron oxidation of polyphenols by several cytochromes and Fe 3+ (Rich and Bendall, 1980; Rich, 1982) . This demonstrates the close parallelism between the oxidation rates of polyphenols and their mammalian cell toxicity. Evidently, the less expressed dependence of the antiplasmodial activity of polyphenols on their E 2 7 values shows that other mechanisms may be also partly responsible for their action. Nevertheless, this finding may be important in the design of new antiplasmodial agents, because it shows that polyphenols with a high E 2 7 value, 0.6 VÐ0.7 V, may possess substantial antiplasmodial activity (Fig. 3 ) and low mammalian cell cytotoxicity (Fig. 2) .
